This work is about the validation of a Common Rail (CR) injector model. The model describes injector internal behavior in a detailed way, validation is done using dosage measurements and needle lift traces.
Introduction
Introduction of the Common Rail (CR) injection systems was one of the most important steps in injection developments. CR systems offer a flexibility in injection pressure, timing and length under any engine operating point [1] . CR systems separate the pressure generation physically from the fuel metering, eliminating injection pressure drop at low speeds and loads, a hallmark of conventional injection systems [2] . This flexibility, coupled with the possibility of cutting the injection into three to seven phases, allows more control over the combustion and exhaust after treatment processes, as they mostly depend on the air-fuel mixing and burning during and after the injection event. However, it is highly time and resource consuming to set up the system for all operating points Detailed Model of a Common Rail Injector 23 of different engines. Controlling combustion is the best tool to minimise tail pipe emission that is one of the most neuralgic barriers of the utilisation of diesel engines [3, 4] .
It is challenging to measure the internal mechanisms of a CR injector, due to the high pressures, quick pressure changes, small chambers and holes, fast operation and high flow velocities. The best solution for these problems is to create a detailed model of the injector, where all hydraulic, mechanic and electromagnetic subsystems are represented, so the internal working conditions can be analysed in an economical and efficient manner.
As CR systems became more and more popular, CR injector models continuously appeared in literature more and more frequently. Some tried to model the whole injection system, including high pressure pump and rail pipes [5] [6] , making them very complex, but most works contained only the injector itself. Control oriented models with simplified structures were developed [7] [8] , but most of the papers describe injector operation in a detailed manner. However, the latter mostly included only mechanical and fluid dynamical parts [9] [10] [11] [12] [13] .
Publications rarely contain the electromagnetic circuit of the solenoid, but the work of Bianchi et al. stands out [14] [15] [16] [17] , as a complete, detailed and validated CR injector. If the solenoid model is neglected, usually an interpolation of force data acting on the anchor is used instead [18] [19] .
Elastic axial deformation of the needle and control piston is taken into consideration in all works, along with the injector body if necessary [20] . This phenomenon affects the effective needle displacement and the needle-seat passage area at the orifice holes crucially, so it cannot be neglected.
An accurate fluid dynamic part is also a key factor of CR injector modelling. Cavitation is always a part of that, since it affects the discharge coefficient of the nozzle and other holes, and through this on the injected fuel mass. This is why much emphasize was put on determining and describing this phenomenon occurring in various hole geometries [21] .
Based on the references listed above, a CR injector shall employ three main model types: an electrical, a hydraulic and a mechanical one. If the goal is to create an accurate and predictive injector model, all three of them have to be considered and simulation results shall be compared to measurement data. There can be several aspects of injector model validation, e.g. mechanical parts, fluid dynamic behavior, etc. In this paper the needle movement measurements will be used to validate the mechanical and electromagnetic systems, while the dosage measurements serve to validate the hydraulic description. These together describe injector operation comprehensively and if simulation results show good conformity with the measurement data, the model can be stated valid. 
Injector model
The model described below was based upon a Bosch CRIN1 type injector for commercial vehicles. The description of the internal buildup and detailed working principles of the injector can be seen in [2] .
A hybrid model containing electromagnetic, hydraulic and mechanical parts was built up in order to maintain accuracy and study of the injectors' internal processes. The structure was first presented in [22] , and then validated against control piston lift measurements in [23] , but dosage validation was needed to make it predictive.
The model was implemented in a commercial simulation software named GT-Suite, in the GT-Fuel submodule. It is capable of calculating problems in different disciplines of physics, i.e. it is capable of electromechanical, thermal, fluiddynamical and mechanical simulations [24] .
A. The mechanical model
Mass-spring-damper scheme was used to model the moving part of the injector. Masses in the simulation environment may translate with a given velocity in planar directions; equations are based on Newton's second law and calculated in every coordinate direction.
Viscous, elastic and body forces are also calculated during simulation, external forces can also be applied.
As Fig. 1 shows, the injector needle in this model is handled as a rigid body, although the high working pressures of the injection system causes appreciable deformation of the parts. Modelling of this phenomenon has a critical importance on the accuracy of the simulation. To simulate the change of the actual needle stroke due to deformation, material stiffness and damping was reduced into one element, namely the control piston. The mass of the control piston was split into two parts with identical masses and connected by a spring and a damper element. These could be described as resultant stiffness and damping of the whole system, which could be defined using measurement results of the needle lift sensor and the line pressure sensor. As the needle lift sensor indicates the control piston stroke change due to deformation, the force acting on the piston can be obtained from the measured fuel pressure and the piston diameter. This method eliminates the laborious work of defining the stiffness of all different parts one by one and provides accurate results.
Evaluation of the damping factor is far more difficult, considering that the damping factor shall include elements not only by the internal friction, but also from fluid viscosity and friction between piston and liner. Experimental evidences show that the friction component of the damping is more important, but it cannot be evaluated theoretically, since machining tolerances affect it mostly. Therefore, damping must be estimated during the model tuning phase.
Masses of all parts were measured using a medical grade scale. Contact stiffnesses were estimated during the model tuning phase, here the main target was to adjust the bouncing of the needle, control piston and solenoid anchor according to other measurements in literature.
B. Hydraulic model
The hydraulic model strictly follows the system layout. This means that all volumes downstream the high pressure tubes coming from the rail, down to the nozzle holes are modelled, containing all internal flow passages defined with the exact geometries as they were manufactured. The rail tube and high pressure pump is replaced by an unsteady pressure boundary condition, which was measured in the rail tube during the injection event. Thus the hydraulic system of the injector has been modelled as a network of pipes and chambers connected by orifices, higher level components from the software model library were used to calculate hydraulic forces caused by fuel pressure and flow and fuel leakage is also modelled at the joint surfaces. Calculation is based on one-dimensional, unsteady, compressible flow and takes into consideration the dynamics of the attached mechanical components and structural heat transfer. Fig. 1 and Fig. 2 show the hydraulic and mechanical model parts of the injector. In Fig. 1 the injector body is presented, while Fig. 2 shows the assembly located in the solenoid.
The geometrical parameters needed in fluid-dynamic equations were measured and implemented in the model; the characteristics of the three main orifices can be followed in Table 1 . The diameters of internal flow passages and pistons, chambers were measured using simple slide-gauge. Smaller holes i.e. Aand Z-throttles were measured with the help of a microscope and a microscope scale ruler. The geometry nozzle hole was defined by a destructive measurement method, where a similar nozzle body was cut through the axis of a nozzle hole, so the length, diameter and shape of the hole could be determined (Fig. 3) .
Because pressure and temperature can remarkably vary in CR systems, it is important to have accurate properties of the medium. In these simulations ISO4113 test oil was used; density, dynamic viscosity and bulk modulus were given as functions of temperature and pressure. 
C. Electromagnetic model
The electromagnetic model of the solenoid is responsible for transforming input current to mechanical force acting on the anchor mass through magnetic circuits. The electromagnetic force is considered by the mechanical model part and anchor dynamics are calculated according to its value. It is calculated based on the reluctance of the circuit: when current begins to flow in the coil, magnetic flux flows through the elements and electromagnetic force will be generated between the surfaces of the air gaps. A detailed explanation of the system and its working principles can be found in [25] .
Results and discussion

A. Test bench layout
All measurements were realized using a four cylinder turbocharged Diesel engine installed on an engine test bench [26] . Due to the specific high pressure fuel connection of the CRIN1, an injector mount would be difficult to manufacture, so a cylinder head similar to the one on the engine was used to accommodate the injector (Fig. 4) . One of the injectors on the engine was disconnected from the rail tube and the ECU. A flexible high pressure fuel hose was mounted between the rail and the injector fuel inlet, to provide fuel supply to the examined injector, thus the engine ran with three cylinders while the connections of the fourth drove the examined injector.
The tested injector was equipped with a needle lift sensor measuring control piston movement; a current clamp was used to record the driving current of the injector, while a line pressure sensor measured instantaneous rail pressure.
Different injection pressures and excitation times were reached by setting different engine operation points on the test bench in the most commonly used engine speed and load range.
Injections occurred in a measuring glass in order to measure the cumulated injected mass, from which the dosage could be calculated. 
B. Test cases and boundary conditions
Three different test cases are presented in this work with three different engine operating points. The engine speeds, loads and the corresponding measured injection pressures and excitation times can be followed in Table 2 . 
C. Validation and results
The model has been validated by comparison with measurements in terms of injector control piston lift and injected dosage. Needle lift could not be directly measured, the sensor recorded the control piston position. Dosage was calculated from the cumulated injected mass, derived from the number of injections.
Three experimental cases were studied with different rail pressures and opening times. All of the cases represent single injections without pre or post phases, because this particular engine does not use pilot or post injection in the main operation range. Control piston lifts of the three cases can be followed in Fig. 5 .
The effect of axial deformation of the control piston and needle is obvious on these position traces. Case 1 has the largest stroke, because rail pressure is the highest here and along with rail pressure the axial force increases also. It is worth noticing that stroke difference reaches 20µm between cases 1 and 3. It is also worthwhile to point out the 'humps' at the beginning of every needle lift. This is caused by the sudden pressure drop when the ball valve opens the control chamber and the control piston expands axially before the actual movement begins.
All simulations follow the measured traces with good accuracy. To determine this accuracy, the root mean square (RMS) errors were calculated for every case based on the following equation: In all cases a certain amount of noise can be noticed, but it stays in a tolerable range, so no filtering was used. This way the time shift of the filter was avoided and more accurate results could be provided.
The RMS values are presented in Table 3 . All RMS error values are less than 1%, so based on Fig. 5 with the results shown in Table 3 , it can be stated, that the simulation predicts the needle lifts of the injector accurately.
Dosage calculation was based on cumulative injected mass measurement. Measuring time was chosen to get a sufficiently large cumulated injected mass value and number of injections, this way measuring accuracy could be increased. All measurements were repeated three times. Table 4 contains the measuring circumstances, measured and simulated dosage values. Table 5 shows the absolute and relative deviations of the simulated dosage. Looking at the deviation values it can be clearly stated, that the model reproduces measured dosage accurately in the studied operating points. All deviation values are below or equal to 2%. 
Conclusion
In this paper a detailed model of a CR injector for commercial vehicles was presented and validated against needle lift data and dosage values. Three test cases were chosen to represent operation points in the mostly used partial load range. The simulated control piston movement and injected mass accurately matched the measured curves and values in every test case.
The fluid dynamic and mechanic model parts were presented in details to investigate the working principles of the injector internal parts. Simulation validation against injection rate measurements shall be done in the future to make the model fully predictive.
